The ratio of the FtsZ to FtsA proteins determines the correct initiation of cell division in Escherichia coli. The genes for these proteins are contiguous on the chromosome. Although both genes are transcribed from common promoters, the presence of ftsZ-specific promoters, along with differences in the efficiency of translation of their respective mRNAs, contribute to the increased relative expression of ftsZ. We report here that the polycistronic ftsA-ftsZ transcripts are cleaved by RNase E and that this cleavage affects the decay of ftsA and ftsZ mRNA. As a consequence of the cleavage, RNase E also contributes to the differential expression of the two genes.
INTRODUCTION
Cell division in Escherichia coli requires the products of several essential genes. The data obtained from many laboratories point to ftsZ as a gene playing a central role in this process (1) . ftsZ is the target of all the known endogenous cell division inhibitors (2) , and changing its level of expression affects the position of the septa, the frequency and the timing of division (3) (4) (5) . Gene ftsZ is located at 2 min on the genome, in a cluster that includes genes involved in both cell division and in peptidoglycan synthesis. Expression of ftsZ is inversely correlated with growth rate so that the quantity of the protein is nearly constant (6) . This result lead to the notion that a fixed number of FtsZ molecules is required for cell division. However, this idea has been challenged (7) .
Immediately upstream from ftsZ lie two other cell division genes, ftsQ and ftsA (Fig. 1) . The abundance of the three gene products in the cell is ∼25 molecules of FtsQ (8) , 200 of FtsA (9) and 5000-20 000 of FtsZ (10, 11) . Six promoters were reported (6) , which account for 50-80% of ftsZ mRNA (12, 13) . No transcription terminator has been identified in the region. Mukherjee and Donachie reported that ftsZ is translated more efficiently than ftsA which in turn is translated more efficiently than ftsQ (14) . The difference in the level of transcription of each gene and in the efficiency of translation of the mRNAs could explain the substantial differences observed in the expression of the three genes. At least for FtsA and FtsZ, the molar ratio is important for cell division to occur correctly, since filamentation induced by overexpression of one gene is suppressed by increased expression of the other (15, 16) .
This work reports the characterization of RNase E cleavage sites affecting the decay of ftsA and ftsZ mRNAs. We propose that RNase E contributes to the differential expression of ftsZ versus ftsA (and also possibly ftsQ).
MATERIALS AND METHODS

Bacterial strains and plasmids
Experiments were carried out with isogenic strains N3431 (rne3071 ts ) and N3433 (rne + ) (17) transformed with pZAQ (3), a pBR322 plasmid derivative in which ftsQ-ftsA-ftsZ region was cloned (Fig. 1) . Without this high copy plasmid, transcription of the chromosomal copy of the operon was too low to obtain a primer extension signal.
pKC107 is the pGEM2 plasmid (from Promega Corp.) on which the PstI-ClaI fragment from pZAQ containing ftsQ-ftsA-ftsZ genes has been cloned between the PstI and SmaI sites. In this construction, all three genes can be jointly transcribed from the vector T7 promoter.
RNA preparation and analysis
Cells were grown at 32_C in Luria broth supplemented with tetracycline (15 µg/ml), and shifted to 43_C for 10 min to inactivate RNase E. Then, as required, rifampicin was added at 150 µg/ml. RNA was extracted as described by Sarmientos et al. (18) . In the experiments shown in Figures 5 and 6 , samples were further treated with DNase I, although we found that this treatment does not alter the results. Primer extension and quantitative S1 protection experiments were performed as described by Cam et al. (19) and Theisen et al. (20) respectively. The oligonucleotides used to identify RNase E cleavage sites were 5′-GCGAAGAAT-TCAACACCTTCAATGC (PE1) and 5′-GAGTCGCTTGATCC-ACGAGCC (PE2). They are complementary to the beginning of ftsZ and the end of ftsA respectively. The two oligomers used in the S1 protection experiments were complementary to the coding region near the 5′ end of either ftsA or ftsZ, except for the 9 and 8 nt at the 3′ end respectively. ftsA and ftsZ oligomers were 60 and 43 nt long respectively and their sequences are: 5′-TCCCCTAC-TAAAGCGGCAACCTTCGCGGTACCAATCTCCAGTCCT-ACTACCTCAAAAGAC (SE2)and 5′-ATTTGAATCGTCTGT-CCAACCGCTGTTTTACGCAGACAAACAC (SE1).
* To whom correspondence should be addressed Both oligomers were mixed with a molar ratio of 1:1, then labeled at their 5′ end, hybridized overnight at 40_C with cellular RNA and digested with S1 nuclease for 90 min at 30_C. Signals in the gels were quantitated with a Phosphor-Imager.
In order to normalize the results of the S1 protection experiment, in the experiment shown in Figure 4 , the mixture of oligomers was also used to protect RNA synthesized in vitro with T7 RNA polymerase, using as template pKC107 plasmid linearized by BstEII enzyme, which makes a unique cleavage at the 3′ end of ftsZ coding sequence.
In vitro cleavage by RNase E
Reactions with purified RNase E enzyme were performed according to Carpousis et al. (21) . Inactivation of mutant RNase E was achieved by heating the enzyme at 43_C for 10 min. Purified RNA (1 µg) synthesized in vitro from pKC107 as described above was used as substrate in a 10 µl reaction. One tenth of this reaction was analyzed by primer extension.
RESULTS
ftsZ1p mRNA is an RNase E-dependent cleavage product
By S1 mapping analysis (6), six major 5′ ends had been previously identified in the 3 kb region upstream ftsZ (Fig. 1) . Two are located upstream of ftsQ, in the ddl coding sequence (ftsQ1p, ftsQ2p) while four are in the ftsA coding sequence (ftsZ1p, ftsZ2p, ftsZ3p, ftsZ4p). However none of these 5′ ends were located at an appropriate distance from a sequence with strong homology to the canonical σ 70 promoter sequence, raising the possibility that some of the RNA species detected by the S1 protection experiment might be products of endonucleolytic cleavages. Examination of the sequence suggested a potential RNase E cleavage site at the RNA 5′ end attributed to promoter ftsZ1p (Fig. 1) . Such cleavage sites occur within an A-U-rich sequence that is frequently followed by a stem-loop structure (22) (23) (24) .
To determine whether ftsZ1p mRNA is a product of RNase E cleavage, RNA was extracted from isogenic wild-type and rne(ts) strains carrying ftsQAZ + plasmid pZAQ (see Materials and Methods), and then analyzed by primer extension with primer PE2. In the wild-type background ( Fig. 2A) , two closely spaced 5′ ends were detected, E1 and E2. In the rne(ts) background at 43_C neither of these RNA species was observed ( Fig. 2A) , indicating that these 5′ ends are generated by RNase E-dependent cleavages and not by transcription initiating at ftsZ1p. In contrast, RNA species attributed to the activities of ftsQ1p, ftsQ2p, ftsZ4p, ftsZ3p, ftsZ2p promoters were detected in both backgrounds (data not shown, except for ftsZ2p, Fig. 2A ). The more efficiently cut E1 cleavage site GAUUA resembles most RNase E sites ( Fig. 1) whereas weaker E2 site diverges from these sites with the cut occurring between G and C nucleotides (see below). Such a situation with a minor RNase E-dependent cleavage site next to a major site, has been reported for T4 phage transcripts (25) .
ftsA-ftsZ intergenic sequence is also cleaved by RNase E
Analysis of ftsZ mRNA with primer PE1 complementary to the ftsZ coding sequence revealed another RNase E-dependent RNA species whose 5′ end, E3, is 1 nt downstream from the ftsA stop codon (Fig. 2B) . The sequence AAU/UU where cleavage occurs conforms to the RNase E five-base A-U-rich consensus sequence (22, 23) . It is worth noting that a significant stem-loop structure (∆G = -12.7 kcal) is found downstream from that sequence (Fig. 1) .
In vitro cleavage by RNase E
In order to confirm that the cuts observed in vivo are caused by RNase E, and not by another endonucleolytic activity (26) , ftsA-ftsZ RNA synthesized in vitro with T7 RNA polymerase from pKC107 template (see Materials and Methods) was incubated with purified wild-type or temperature-sensitive RNase E (21). The digestion products were analyzed by primer extension. As shown in Figure 3 , the E1 and E3 sites were cleaved in vitro by RNase E, but not by the thermolabile enzyme that was heat-inactivated. This result confirms that ftsZ mRNA is processed in vivo by RNase E at sites E1 and E3. In contrast, the minor E2 site was not cleaved in vitro, suggesting that the product observed in vivo is not directly due to RNase E, but to another nuclease whose cleavage at this site requires RNase E activity. Two other RNase E cleavage sites were observed in vitro but not in vivo. A relatively minor one, E4, lies just upstream of the E3 site in ftsA coding sequence and a strong site, E5, is at the beginning of ftsZ coding sequence. It is conceivable that efficient in vivo translation of ftsZ inhibits cleavage at E5 (27) . Alternatively, the differences in cleavage efficiency may result from the digestion conditions employed for the purified enzyme.
The ratio of ftsA to ftsZ mRNA is affected by RNase E In primer extension experiments, accumulation of high molecular RNA species in the rne(ts) strain at non-permissive temperature was observed, suggesting that RNase E cleavage affects the integrity of ftsQ-ftsA mRNA (data not shown). To confirm this observation, the abundance of ftsA and ftsZ mRNAs was analyzed Figure 4 . Quantitation of relative ftsA/ftsZ mRNA level by S1 protection. RNAs were prepared from wild-type and rne strains grown at 32_C, or after a shift at 43_C for 10 min. ftsA and ftsZ probes SE1 and SE2 were labeled at their 5′ ends in the same reaction. T7pol.RNA lane: probe mixture annealed with T7 polymerase RNA made in vitro and digested with S1 nuclease.
by S1 protection analysis in the rne + and rne(ts) strains (see Materials and Methods). Figure 4 shows that the ratio of ftsA mRNA to ftsZ mRNA increases in the rne(ts) strain at non-permissive temperature. This data had to be corrected for differential hybrid stability since a label ratio of 3.2 was obtained when the same probe mixture was hybridized with an in vitro ftsA-ftsZ mRNA synthesized from a T7 promoter (Fig. 4 and see Materials and Methods). After this normalization, the ratios of ftsA to ftsZ were 1.25 in the rne strain at non permissive temperature compared with 0.25 in wild-type background. At permissive temperature, these ratios were 0.4 versus 0.2 respectively. Therefore RNase E decreases the relative abundance of ftsA mRNA to ftsZ mRNA by a factor of ∼5.
RNase E activity affects the stability of ftsA and ftsZ transcripts
The simplest explanation for the decrease of the ftsA to ftsZ ratio when RNase E is active is that cleavage at E1 and E3 sites makes ftsA mRNA preferentially susceptible to degradation by 3′→5′ exonucleases. To test this hypothesis, the chemical half-lives of ftsA and ftsZ 5′ regions were measured. As shown in Figure 5 , the half-life for both mRNA species at 43_C was 4 min in rne + strain and >16 min in the RNase E-deficient strain. Thus RNase E cleavage equivalently affects the stability of both the upstream and downstream transcripts. Thus, the variation in the relative abundance of ftsA and ftsZ mRNA is not the mere consequence of their differential mRNA stability. Nevertheless, 10 min after the shift to 43_C, the amount of ftsZ mRNA in the rne strain was two to four times lower than in rne + strain (Figs 4 and 5) , indicating that an event takes place between 0 and 10 min which leads to decrease the amount of ftsZ mRNA. In order to analyze this phenomenon further, the amount of ftsA and ftsZ mRNA were determined immediately after the shift to 43_C. Figure 6 shows the variations of the amounts of transcripts relative to those present at the time of the temperature shift. In the wild-type strain, the levels of ftsA and ftsZ mRNA increased after the temperature shift and reached a steady-state level three times higher than the previous one. A similar increase was observed in rne(ts) strain for ftsA mRNA. But, in contrast, no accumulation of ftsZ occurred in the rne(ts) strain shifted to 43_C. Since this difference is specific for the rne(ts) strain, we conclude that RNase E affects the mRNA ftsA to ftsZ ratio by another mechanism, independent from its effect on transcript stability. After the correction is made for hybrid differential stability these results indicate that in the rne(ts) background at 43_C, the absolute amounts of ftsZ and ftsA transcripts become nearly identical.
DISCUSSION
In many bacterial species, including Haemophilus influenzae, Bacillus subtilis and E.coli, the genes ftsA and ftsZ are contiguous within a cell division operon, with ftsZ just downstream of ftsA. A ratio of FtsZ to FtsA between 50 and 100 is necessary for correct cell division to occur in E.coli (15, 16) . Various mechanisms have been proposed to account for this protein ratio: greater transcription of ftsZ due to ftsZ-specific promoters (6, 12) or more efficient translation of ftsZ versus ftsA (14) . In this study, we report that a third mechanism also contributes to the different levels of expression of ftsA to ftsZ. We have identified two RNase E cleavage sites in vivo and in vitro, one in ftsA coding region, E1, and one in the ftsA-ftsZ intergenic region, E3. The site within ftsA coding Figure 6 . Accumulation of ftsA and ftsZ mRNA at 43_C. Wild-type (wt) and mutant (rne) strains grown at 32_C were shifted to 43_C, then samples were taken for RNA preparation at 0, 3, 6, 9, 18 and 25 min. The RNA samples were analyzed by S1 protection. The ordinate shows the ratio of the signal at different times to that at time zero for each given RNA species.
region is located at the position where a promoter, ftsZ1p, was previously thought to be present (6) . Since ftsZ1p had been characterized solely on the basis of S1 mapping in an rne + context, no evidence now persists for its existence.
As a result of RNase E cleavage, ftsA RNA is destabilized in the cell. The current model of mRNA degradation (see ref. 28 for a review) is that endonucleases generate a free 3′ end which allows RNA to be attacked by 3′→5′ exonuclease(s). In some instances cleavages remove stem-loop structures which otherwise would have impeded exonuclease action, a situation which might apply to ftsA mRNA. Reports that RNase E is associated with polynucleotide phosphorylase (PNPase) suggests that PNPase might be responsible of the degradation of the RNA after the attack by RNase E (21,29). Although we have not addressed the question directly, it is likely that the destabilization of mRNA by RNase E cleavage also affects ftsQ mRNA.
We found that ftsZ mRNA is similarly destabilized when RNase E is active. This effect may be due to facilitated entry of the enzyme in the 5′ region of ftsZ mRNA (28), or to the presence of another cleavage site located downstream of the region studied. In any event, RNase E has a similar effect on the stability on both ftsZ and ftsA transcripts.
Despite this absence of differential effect, we found that in an RNase E-proficient strain, the ftsA to ftsZ mRNA ratio is approximately five times less than in a RNase E mutant at the non-permissive temperature, indicating that RNase E must somehow contribute to the expression ratio of the genes. The mechanism by which RNase E affects the transcript ratio appears to be complex and indirect. We observed that when an rne + strain is shifted to 43_C, the relative amount of ftsA and ftsZ transcripts increases within 20 min by a factor of approximately three (Fig. 6 ). This increase cannot be explained by a change in the copy number of the ftsQAZ plasmid used in our experiments since pBR322 derivatives are insensitive to a temperature shift from 35 to 43_C (30) . Our preliminary results indicate that some promoters contributing to ftsAZ expression are involved. When an rne(ts) strain is shifted to the non-permissive temperature, the amount of ftsA mRNA (relative to total RNA) increases approximately three times within 20 min (Fig. 6) . Such an increase can be entirely accounted for by a change of ftsA mRNA half-life from 4 to >16 min, suggesting that no transcriptional activation of ftsA occurs in the RNase E-defective context. The situation is different for ftsZ transcripts, whose level does not increase despite greater stability, suggesting decreased transcription. This decrease does not result from reduced transcription from promoters ftsZ2p, ftsZ3p or ftsZ4p, located within ftsA, since primer extension experiments have indicated that the activity of these promoters is unaffected when RNase E is inactivated (data not shown). The same experiments suggest that transcripts initiating from these promoters are not exceptionally unstable. Yet our results indicate that the relative level of ftsA/ftsZ 5′ region transcripts become close to 1 in the rne mutant at 43_C (Fig. 6 , corrected for probe efficiency). Therefore our current hypothesis is that lack of RNase E processing creates a situation, that brings about premature transcriptional termination before transcription from ftsZ2p, ftsZ3p or ftsZ4p reaches ftsZ.
Our results indicating that the ratio of ftsA to ftsZ mRNA in a wild-type strain grown at 32_C is ∼0.25 concern exclusively selected segments located at the 5′ ends of the genes, and cannot be easily extrapolated to functional transcripts. The protein ratio is determined by the ratio of the full-length ftsA transcripts to the full-length ftsZ transcripts ratio and this ratio may be much more than 0.25.
There is no direct evidence that the cleavages at E1 and E3 or other RNase E-dependent processes affecting ftsA or ftsZ expression are important for the control of cell division. However Goldblum and Apirion (17) reported that upon shifting an rne(ts) mutant to the non-permissive temperature, cell division stops immediately whereas mass increase slows down but does not halt for 3 h. The arrest of cell division might be an indirect consequence of the mutation, or alternatively it might be a direct effect of altering the ratio of ftsZ to ftsA expression.
